Abstract-The effect of pH on the bioaccumulation of nickel (Ni) by plants is opposite when using a nutrient solution or a soil as a growing medium. This paradox can be understood if the pH effect on the bioaccumulation, on the chemical speciation in the soil solution, and on the binding to the soil of Ni are all taken into account. Using simple equations to describe the individual relationships, it is possible to quantify these effects once the relationships have been established. Increased Ni uptake leads to reduced plant dry weight production for a certain growing period. The median effective concentration (EC50) decreased from 23 to 1.7 M Ni in the nutrient solution for pH 4.0 to 7.0, whereas the EC50 of added Ni in a sandy soil increased from 0.72 to 9.95 mmol Ni/kg soil for pH 4.7 to 6.8. Bioaccumulation, binding to the soil solid phase, and binding to the dissolved organic matter all increase with increasing pH. However, the magnitude of the effect is the least for bioaccumulation as a function of pH, causing the apparent paradox.
INTRODUCTION
In ecotoxicology tests, the effects of heavy metals on biota are usually related to the total metal concentration. However, it has been found that the relationship between the total metal concentration and the effects on biota is not straightforward but rather depends on factors such as the nature of the media, pH, and ionic strength. The pH affects metal toxicity profoundly. Recent research shows that soil pH is the most important soil characteristic modulating the availability of heavy metals [1] . The effects of pH on metal toxicity depend on the type of media in which the biota is exposed to the metal. It is common to find that the toxicity of metal for plants growing in soils decreases with increasing pH [2] [3] [4] . In contrast, when the plants were grown in solution, the increase of pH often intensified the biological effects of the metals [5] [6] [7] .
Speciation and bioavailability are the key issues in the risk assessment of heavy metals to biota. Compared to the total metal concentration, the free-ion-activity model [8, 9] provides a better basis for predicting the availability and toxicity of metals. According to the free-ion-activity model, free-metalion activity is the parameter that determines the physiological effects. Several authors have stressed the fact that other solution parameters apart from metal activity will affect availability, such as pH and calcium (Ca) concentration [9] [10] [11] [12] . Metal interactions with organisms can be understood by considering an organism as an assemblage of reactive ligands [8] .
Nederlof and van Riemsdijk [13] and Plette et al. [10] proposed a quantitative model to calculate the bioavailability of heavy metals in terrestrial and aquatic systems. They assumed that accumulation or sorption of metal ions by biota present in a complex system like soil can be regarded as the result of competition for binding of that metal ion by all reactive com-* To whom correspondence may be addressed (willem.vanriemsdijk@wur.nl).
ponents, including the biota. They chose the relatively simple extended Freundlich equation to describe ion binding to various components to illustrate the principle. The main assumption is that all interactions with the metal are mediated via the activity of the free metal ion in solution. The pH can influence the bioaccumulation of metals in at least two ways: by affecting metal speciation in the abiotic part of the system and by affecting the behavior of the biotic part of the system. A biotic surface, for instance a plant root, may have a pH dependency in terms of binding that is oriented in the same direction as that noted for the soil surfaces (increased binding at increased pH) but one that differs in the magnitude of the effect. This will imply that the metal ion distribution is shifting at increasing pH toward the biotic system or the soil surface, depending on the relative magnitude of the effects on the biota and soil, which may result in a higher or lower toxicity of the metal ion. The authors suggested that the concept of the quantitative model might be a valuable tool in predicting quantitatively the metal ion accumulation or sorption by the biota present in a complex system and in predicting the relative change in availability due to environmental changes. However, so far the approach has only been tested for sorption to biotic surfaces, and it has not been tested by comparing it with the net uptake by living biota. The bioavailability of metals can only be understood when both the interactions of the metal ion at the soilsolution interface and at the biota-solution interface are taken into account.
In this study we conducted a solution culture and a soil pot experiment with oats at various pH levels to study the relationship between chemical speciation and availability of nickel (Ni). The results of the solution culture experiment are compared to those of the soil pot experiment. Chemical speciation of Ni in the soil was analyzed with a desorption experiment (0.01 M CaCl 2 ) and a Donnan membrane technique. With the experimental results, the ability of the quantitative model for the prediction of Ni uptake by the plant in the soil-solution system is tested. The model approach will also be used to explain the opposing pH effects on Ni phytotoxicity in the nutrient solution and in the soil.
MATERIALS AND METHODS

Solution culture experiment
To eliminate the influence of soil, we conducted a solution culture experiment to investigate bioaccumulation and toxicity of Ni to oats at various pH levels and to establish a quantitative macroscopic model of Ni uptake. The stock solutions of nutrients were prepared from analytical pure reagents (Merck, Darmstadt, Germany). The final concentrations of the nutrients in the solution culture are listed in Table 1 . The treatment was an incomplete factorial experiment with four pH levels, each of which contains seven Ni levels ( Table 2) . Nickel was added to the nutrient solution from the stock solution of NiSO 4 to achieve the nominal Ni concentrations. The pH was maintained by continuous titration with 0.1 M NaOH and 0.05 M H 2 SO 4 .
The test plants, oats (Avena sativa L.), were sown to moist quartz sand (180 ml pure water/kg sand) in polyvinyl chloride (PVC) trays and cultured in climate chambers maintained at 22ЊC, 60% relative humidity, and using a 16:8-h light:dark regime for 7 d before being transferred to the nutrient solution. Each treatment (Table 2 ) contained 50 L of nutrient solution in a PVC container, into which 32 seedlings were transplanted, and two of them were removed 3 d later. The plants were grown in climate chambers at 16-h light, 22ЊC/8-h dark, 14ЊC, and at 60% relative humidity. Solutions were continuously aerated and refreshed every 2 d (on weekends, every 3 d).
After one, two, and three weeks, three replicates of plant samples, each containing three seedlings, were sampled randomly from each treatment. The shoots and roots were separated after rinsing with water and were then dried at 75ЊC, and the dry weight was measured. A subsample of the plant material was digested according to a procedure described by Novozamsky et al. [14] , and the concentration of Ni was measured with inductively coupled plasma-optical emission spectrometry (ICP-OES) (Spectros, Spectro Flame, Fitchburg, MA, USA).
Soil pot experiment
The pot experiment was carried out using a sandy soil taken from an experimental test field in The Netherlands. The field soil sample was air dried and sieved (Ͻ2 mm). The major soil characteristics are listed in Table 3 . The treatment was an incomplete factorial experiment with four pH levels, each of which contains seven nickel levels (Table 4 ). An appropriate amount of dehydrated calcium hydroxide (Ca(OH) 2 ) was added to change the soil pH. Nickel was added by adding the stock solution of Ni(NO 3 ) 2 to achieve the nominal Ni content. Each treatment had three replicates (pots), each of which contained 2.5 kg of air-dried soil. After adding Ni solution, deionized water was added to each soil sample to a total moisture volume of 300 ml. The soils were left in plastic bags, stored in the dark at an ambient temperature (in June, The Netherlands) in a greenhouse, and incubated for four weeks.
After four weeks of incubation, each soil sample was fertilized with 5.8 mmol MgSO 4 and 8.6 mmol KH 2 PO 4 . A solution of Ca(NO 3 ) 2 was added to balance the nitrogen (N) concentration to the same level of 6.81 mmol Ni(NO 3 ) 2 /kg soil, namely 34 mmol N/pot. It was assumed that at a large Ni dosage, the Ni toxicity would be so severe that the difference in N content in the soil would not have much effect on the growth. Deionized water was added to all the soil samples to its field capacity ( Table 3) . The soil was then transferred into PVC pots. One hundred and seventy grams of clean fine quartz sand was spread on the top of the soil in each pot to make a germination layer. As was the case in the solution culture experiment, oats (Avena sativa L.) were used as the test plant. In each pot, 18 to 20 seeds were sown. The pots were covered with a plastic sheet until the seeds germinated. After germination, seedlings were thinned to 11 per pot. The plants were grown in a greenhouse, and water content at field capacity was maintained by weighing the pots and adding deionized water every day.
The experiment lasted for six weeks (July-August) until harvesting. The plants were cut directly above the soil surface, rinsed with water, and dried at 70 to 75ЊC. The dry weight was measured. A subsample of the plant material was digested according to a procedure described by Novozamsky et al. [14] , and the concentration of Ni was measured with ICP-OES. From each pot, a mixed soil sample consisting of four to five cores (obtained using a small gauge auger) was taken. The soil samples were dried at 40ЊC and sieved (Ͻ2-mm mesh). Desorption of Ni was measured by mixing 3 g of soil with 30 ml 0.01 M CaCl 2 and shaking end-over-end at 20ЊC for 22 h. The pH of the suspensions was measured with a pH meter. The suspensions were centrifuged at 3,000 g for 15 min. Concentration of Ni in the solution was measured with flame atomic absorption spectrometry. Concentration of dissolved organic carbon (DOC) was measured with a total organic carbon/DOC analyzer (SK12, Skalar, Breda, The Netherlands).
Determination of Ni speciation in soil solution
Free Ni 2ϩ concentration in the soil solutions (0.01 M CaCl 2 ) was measured with the soil column Donnan membrane technique [15, 16] . From each treatment of the pot experiment, a 100-g air-dried soil sample was used to prepare the soil column, which was circulated continuously with 200 ml 0.01 M CaCl 2 solution. During the circulation, the soil solution passed through the donor side of a cation-exchange cell. The design of the cation-exchange cell was described by Temminghoff et al. [15] . In the cell, a cation-exchange membrane (BDH Lab-L. Weng et al. oratory Supplies, Poole, UK) is used to separate the soil solution (donor) and 18-ml blank 0.01 M CaCl 2 solution (acceptor). The membrane has a matrix of polystyrene and divinylbenzene with sulphonic acid groups, which are fully deprotonated at pH Ͼ2. Before analysis, the membrane has been prepared by shaking first with 0.1 M HNO 3 followed by pure water and 0.01 M CaCl 2 solution. Both the soil solution and the acceptor solution were circulated continuously by pumping. Samples of the solutions were taken after 2 and 3 d (as duplicates). The soil solution was filtered over 0.45-m nitrate-cellulose membrane filter (Schleicher and Schuell, Feldbach, Switzerland). The pH, concentration of DOC, and concentrations of potassium (K) and Ni were measured in all solution samples. The pH was measured with a pH meter. Concentration of DOC was measured with a total organic carbon/DOC analyzer (SK12). The concentration of K was measured with ICP-OES, and the concentration of Ni was measured with inductively coupled plasma-mass spectrometry (Perkin-Elmer, Elan 6000, Norwalk, CT, USA).
The concentration of free Ni 2ϩ in the soil solution is calculated based on the theory of Donnan membrane equilibrium, which implies that the charge-corrected ratios of the cation activities in the solutions on the both sides of the membrane are equal:
where the subscripts d and a indicate the donor or acceptor solution. In the Donnan membrane analysis with soil samples, potassium can be used as the reference cation, since K is naturally present in soil and it forms very weak complexes with most ligands in the soil solution [16] .
Ecotoxicological statistics
We used the logistic model without hormesis effect (positive biological effect at low concentration) [17] to describe the exposure response of oats to Ni.
in which E(%) is the ratio of the response of the plant at a certain concentration of Ni (C) to the response when no Ni is added (C ϭ 0). The EC50 and n are model parameters. In this study, the dry weight of the plant is taken as the response parameter (E). Thus, EC50 indicates the Ni concentration that reduces the dry weight biomass production to 50% of its value under control circumstances. The concentration of Ni (C) can be total Ni in the medium, a certain chemical fraction of Ni in the medium, or Ni accumulated in the plant tissue. The values of EC50 and n are estimated by curve fitting.
Quantitative model
In the quantitative application of the conceptual approach to calculate the bioavailability of heavy metals in terrestrial and aquatic systems [10, 13] , the competitive binding of metal and proton ions to the soil solid phase (Q M-soil ) and the amount bound to a biotic surface, or in this case the net amount taken up by a plant (bioaccumulation) when grown during a certain period under specified condition (Q M-biota ), are described by the two-species Freundlich equation as
M-biota b in which K is a constant related to the number of binding sites and their affinity for protons and metal ions, [M 2ϩ ] represents the free metal ion concentration in the solution, (H ϩ ) is the proton activity, and m and a are empirical parameters. The subscripts s and b relate to the soil phase and the biota, respectively. Plette et al. [10] pointed out that the K value and the exponents m and a are soil/organism specific, as the amount and type of binding sites will vary. The total amount of metal in the soil/plant system is often approximately equal to the amount of metal bound to the soil, Q M-soil ഠ Q M-total. The bioaccumulation of the metal can thus be expressed as a function of the total metal content in the soil and of the pH by combining Equations 3 and 4.
M-biota b s M-total Equation 5 illustrates that the direction of the pH effect depends on both soil and plant factors. In this article, we used the logarithmic form of the Freundlich equation to describe Ni binding to soil and bioaccumulation by the plant. Bioaccumulation of Ni by plants was expressed as the Ni concentration in the plant, measured after harvesting the plants grown either in the solution culture or pot experiment.
RESULTS AND DISCUSSION
Solution culture experiment
In the solution culture experiment, symptoms of Ni toxicity appeared a few days after transplanting and increased in severity with time and dosage of Ni application. The typical Ni , and 7, respectively. Chlorosis occurred at pH 6 and pH 7 and became more serious at higher Ni concentration. Fine root development was stunted by Ni addition. The color of the roots was darker at higher pH and Ni levels. The dry weight of the shoot after one, two, and three weeks growing in the nutrient solution is shown in Figure 1 . The biomass was decreased by Ni at all Ni concentrations except for a few treatments with less than 4.3 M Ni at pH values of 4, 5, and 6. In these treatments, the yield was higher than that of the control. As can be seen in this figure, the toxicity of Ni in the nutrient solution was different at various pH levels. The decrease of the biomass at low pH was more gradual than that at high pH. Based on the dry weight of the shoot after three weeks, the EC50 of Ni in the nutrient solution was 23.0, 14.7, 6.6, and 1.7 M for pH values of 4, 5, 6, and 7, respectively (Table 5) . Each unit increase in pH led to a twoto fourfold decrease in the EC50 value and, thus, to an increase in the toxicity.
According to the chemical speciation calculation using the computer program ECOSAT [18] , in which the formation of the hydrolysis and carbonate species of Ni were accounted for, the free Ni 2ϩ ion comprised 95 to 86% of the total Ni in the nutrient solution at pH 4 to pH 7. Most of the complexed Ni was associated with sulfate at low pH and with carbonate at high pH. The calculated EC50 of free Ni 2ϩ in the nutrient solution was 21.9, 13.9, 6.3, and 1.4 M for pH values of 4, 5, 6, and 7, respectively (Table 5 and Fig. 2 ). These results confirm that the free ion concentration is not a constant indicator of metal bioavailability and toxicity and that metal toxicity in a nutrient solution is rather strongly influenced by the solution pH. In a research done by Lexmond and Van der Vorm [6] , who used maize as the test plant, it was found that the critical logarithm Cu 2ϩ activity decreases with pH, with a slope of 0.39. The same slope of the pH dependency was found in the regression relation between the logEC50 of free Ni 2ϩ in the nutrient solution and pH derived from the solution culture data in this study: logEC50-Ni 2ϩ ϭ 3.02 to 0.39 pH (r 2 ϭ 0.94). Tables 5  and 6 ).
The nickel concentration in plants grown in the solution culture varied between 0.07 to 49 mmol/kg dry weight in the root and 0.02 to 25 mmol/kg in the shoot. In Figure 3 , the concentration of Ni in the root and shoot was plotted against the Ni concentration in the nutrient solution. Nickel is considered relatively mobile in plants compared to some other heavy metals, such as lead and copper. Our results show that still more Ni was retained in the root than in the shoot. The ratio of Ni in the root to that in the shoot was between 1.4 and 23, and the difference became bigger with an increase in pH.
The bioaccumulation of Ni by oats from the solution culture depends on the pH (Fig. 3) . Each unit increase in pH between pH 4 and 6 led to an increase of the Ni concentration in the shoot by up to a factor of 2.6. Further increase of the pH from pH 6 to 7 did not show an effect on the Ni concentration in the shoot. The pH dependency of Ni uptake was greater for the root than for the shoot. Each unit increase in the pH led to an increase of up to 3.4 times Ni in the root. At pH 6 and 7, the pH dependency of Ni uptake in the root became obscured at large Ni dosages (Fig. 3) . It is possible that the severe root damage by Ni at high pH rendered plant uptake of Ni insensitive to the change of pH. The measured concentration of Ni in the oats can be reasonably described with the two-species In the solution culture experiment, Ni concentrations in the shoot at which Ni toxicity symptoms appeared were 1.75 to 2.95 mmol/kg. According to Welch [19] , the normal Ni concentration range in plants is 0.2 to 85 mol/kg, and the toxic concentrations in plants are usually in the order of 0.43 to 0.85 mmol/kg. Crooke [20, 21] found that Ni toxicity symptoms appeared at the concentration in oats of 1.38 to 1.62 mmol/kg when oats were grown in a solution culture and at concentrations of 1.93 to 1.94 mmol/kg for a growth experiment with soil. The growth response (dry weight of shoot) to the Ni concentration in the shoot, measured at the end of the solution culture experiment, is shown in Figure 4 . The estimated EC50 of Ni in the shoot from the solution culture was in the range of 1.2 to 2.3 mmol/kg (Table 5) .
Soil pot experiment
In the pot experiment, symptoms of Ni toxicity similar to those in the solution culture appeared a few days after germination. The white longitudinal stripes between the veins appeared on the leaves of the treatments with Ni concentrations of greater than 0.43, 0.85, 1.7, and 3.41 mmol/kg soil at the nominal pH values of 4, 5, 6, and 7, respectively. The growth of oats was depressed by Ni, which resulted in fewer tillers and shorter and weaker stems. Most or all the plants at the highest Ni concentration in each pH series died before the harvest.
The pH did not show a significant effect on the biomass production when no Ni was added (F test, p ϭ 0.378; data, Table 6 ). As can be seen from Figure 5 , Ni in the soil depressed the dry matter yield of oats significantly at high Ni dosages. There was no obvious hormesis effect of Ni in this sandy soil. The toxicity of Ni decreased with increasing pH. The data was fitted to the response model and the fitting was reasonable (r 2 Ͼ 0.98). The EC50 of added Ni varied from 0.72 to 9.95 mmol/ kg for the pH range of 4.7 to 6.8 (pH measured in 0.01 M CaCl 2 , see Table 6 ). Each unit increase in pH led to an increase in the EC50 of total Ni by a factor of three to four. The effects of pH on Ni toxicity in soil are opposite to that observed in the nutrient solution. The direction of pH effects on metal toxicity depends, apparently, on the type of the media in which plants are grown.
The concentration of Ni in the shoots was determined after six weeks of treatment and it varied between 0.03 to 34 mmol/ kg (Fig. 6) . Nickel bioaccumulation from soil depends on the 
in which Ni in the shoots and in the soil is measured in mmol/ kg. The increase of the slope in the curves in Figure 6 for each pH series at high metal loading can be partly attributable to a decrease of pH after nickel addition. It was observed that within one nominal pH series, the pH in the 0.01M CaCl 2 soil solution decreased with the increase of Ni concentrations as a result of the competitive adsorption of Ni with protons (data not shown). When based on the total Ni concentration, strong variation was found in the EC50 of Ni in both the nutrient solution and in the soil. In contrast, the EC50 of Ni in the shoots of the plant grown both in the solution culture and in the pot experiment is rather constant. The EC50 of Ni in the shoots from the pot experiment is between 1.64 and 2.49 mmol/kg (Table  6 and Fig. 4) , which is very similar to the EC50 of Ni in the shoots derived from the solution culture, 1.18 to 2.84 mmol/ kg (Table 5 and Fig. 4) . Although there is still some variation remaining in the EC50 of Ni concentration in the tissue, it is clear that the internal metal concentration is a better indicator of the toxicity and bioavailability than the external metal concentration. (Table 6 and Fig. 2 ). Contrary to the EC50 of Ni in the nutrient solution, no obvious pH dependency was observed for the EC50 of Ni in an 0.01 M CaCl 2 soil extraction (Fig. 2) . The Ni concentration in an 0.01 M CaCl 2 soil extraction is closely related to the Ni toxicity observed in the soil and is a much better indicator for the bioavailability than is the total amount of Ni added to the soil.
Comparison of Ni toxicity in the nutrient solution and in the soil solution
In Figure 7 , the concentration of Ni in the shoots from the pot experiment is plotted as a function of total Ni concentration in the 0.01 M CaCl 2 soil extraction determined in the desorption experiment. In contrast to the Ni bioaccumulation from the nutrient solution, net Ni uptake in the pot experiment based on the Ni concentration in the 0.01 M CaCl 2 extraction did not show a clear pH dependency (Fig. 7) . pendency in both toxicity (Table 6 and Fig. 2 ) and plant uptake (Eqn. 11; Fig. 7 ) of Ni cannot be explained by the observations in the solution culture experiment, which do show a pH effect. We therefore decided to measure the chemical speciation of Ni in the 0.01 M CaCl 2 soil solution using the soil column Donnan membrane technique (see Materials and Methods).
The free Ni 2ϩ concentration was calculated from the measured concentrations of Ni in the soil and acceptor solutions using Equation 1, in which potassium was used as the reference cation. In these measurements, the pH of the soil solution varied between 4.4 and 6.6, and the DOC concentration ranged from 46 to 65 mg/L. Generally, the DOC concentration increased with increasing pH. In these samples, the free Ni 2ϩ ranged from about 90 to 50% of the total Ni in solution. The fraction of free Ni 2ϩ decreased with increasing pH and increased with the total concentration of dissolved Ni. The concentration of Ni that was complexed with inorganic ligands, including carbonate, was calculated with ECOSAT. The difference between the total concentration of Ni in solution and the inorganic Ni was considered to be bound to dissolved organic matter, which ranged from about 1 to 40%. The following equation was derived from the data. Ϫ 0.14 pH (r ϭ 0.98) (12) in which the concentration of free Ni 2ϩ and Ni in an 0.01 M CaCl 2 are both measured in mM. Both the binding affinity and the concentration of dissolved organic matter increases with increasing pH, which causes a stronger decrease of the free Ni 2ϩ fraction in the soil solution than in the nutrient solution. Using Equation 12, the free Ni 2ϩ concentration in the 0.01 M CaCl 2 soil extraction in the desorption experiment was calculated. The EC50 of free Ni 2ϩ was estimated (Table 6) , and it ranged from 9.7 to 18.2 M (Fig. 2) . When expressed in its free ion concentration, a similar trend of pH dependency of Ni toxicity in soil (compared to that observed in the solution culture) is observed, as follows from Figure 2 . However, compared with that in the nutrient solution, the pH effect is still somewhat less strong for the soil. In general, the EC50 of free Ni 2ϩ in an 0.01 M CaCl 2 soil extraction was somewhat larger than the EC50 of free Ni 2ϩ in the nutrient solution. In addition to the other possible reasons, the remaining discrepancy between the toxicity of free Ni 2ϩ in the nutrient solution and the free Ni 2ϩ in the 0.01 M CaCl 2 extraction could be attributable to the difference between the 0.01 M CaCl 2 soil extraction and composition of the pore water in the pots during the growth of the plants. The CaCl 2 extraction is expected to give a somewhat higher concentration of free metal ion than is found in the pore water because of the increased competition of calcium with the metal ions with regard to binding to the soil. The effect of this on the interpretation of the data is discussed in the next section.
Testing the quantitative model
We can test the quantitative model proposed by Nederlof and van Riemsdijk [13] and Plette et al. [10] using the data of the solution culture experiment and the pot experiment. The free Ni 2ϩ concentration in the soil solution is influenced by both the binding to the soil solid phase (Eqn. 10) and the speciation in the soil solution (Eqn. 12). If we combine Equations 10 and 12, the two-species Freundlich equation of Ni speciation in the soil is derived as follows: The resulting Equation 14 indicates that the pH effect on Ni binding to the soil exceeds the effect on plant uptake, and therefore, a decrease of Ni uptake and toxicity in the soil can be predicted with increasing pH.
In the pot experiment with the sandy soil, the measured Ni concentration in the shoot was shown in Equation 9 .
It is remarkable to see how close the prediction-based on the solution culture experiment and the metal speciation in the soil-is to the relationship based on the pot experiment (Eqns. 14 and 9). In Figure 6 , the predicted Ni uptake from the sandy soil is compared to the measurement. The predicted lines are slightly shifted compared to the measurements, especially at lower Ni content in the soil.
This discrepancy can be the result of many factors. One possible reason might be the difference between the Ca concentration in the nutrient solution, in the 0.01 M CaCl 2 extraction, and in the soil pore water of the pots. In the nutrient solution, the Ca concentration used is 1.32 mM (Table 1) . Soil pore-water composition was not analyzed after the pot experiment. However, in another study with the same soil, the pore water extracted from the field was analyzed, and it showed that the Ca concentration in the pore water for the similar pH range is between 1.5 and 4.5 mM. The Ca concentration in the soil pore water may have been in between those observed in the nutrient solution and in the 0.01 M CaCl 2 extraction. It is expected that the larger Ca concentration in the 0.01 M CaCl 2 extraction will result in a higher free Ni 2ϩ concentration than in the actual pore water as a result of the intensified competition of Ca with Ni for the binding to the soil. We have noticed that the EC50 of free Ni 2ϩ in the 0.01 M CaCl 2 extraction was generally larger than the EC50 of free Ni 2ϩ in the nutrient solution (Fig. 2) . Using the free Ni 2ϩ concentration in the 0.01 M CaCl 2 soil extraction to predict Ni bioaccumulation may thus lead to some overestimation of the uptake, as a result of the overestimation of the free Ni 2ϩ concentration in the pore water. Besides the competition for binding to the soil, Ca can also compete with Ni for plant uptake. The larger Ca concentration in the pore water than in the nutrient solution indicates Phytotoxicity and bioavailability of nickel Environ. Toxicol. Chem. 22, 2003 Chem. 22, 2187 that the competition of Ca for Ni uptake in the soil should be more intense than in the nutrient solution. Therefore, the uptake predicted based on the result of the solution culture may underestimate the effect of Ca competition for the Ni uptake in the soil, which again leads to an overestimation of Ni uptake. In spite of the small discrepancy between the prediction and measurement, the effects of pH on Ni bioaccumulation from the soil can be quite reasonably estimated with the quantitative model. The model also helps to better understand the mechanisms of the effects of environmental factors on the availability of metal ions. The results proved that measuring of the Ni concentration in 0.01 M CaCl 2 soil extraction is a simple way to estimate the toxicity and availability of Ni in soils. In order to understand fully the effects of pH, we have shown that it is essential to measure or calculate the free nickel concentration in the soil solution.
